[1] High-pressure x-ray diffraction of (Mg 0.80 Fe 0.20 )O at room temperature reveals a discontinuity in the bulk modulus at 40 (±5) GPa, similar to the pressure at which an electronic spin-pairing transition of Fe 2+ is observed by Mössbauer spectroscopy. We determine the zero-pressure bulk modulus of low-spin magnesiowüstite to be between K T0 = 136 and 246 GPa, with a pressure derivative (@K T /@P) T0 between 5.2 and 3.9. The best fit unit-cell volume at zero pressure, V 0 = 71 (±5) Å 3 , is consistent with past estimates of the ionic radius of octahedrally-coordinated low-spin Fe 2+ in oxides. A spin transition at lower-mantle depths between 1100 and 1900 km (40-80 GPa) would cause a unit-cell volume decrease (DV) of 3.7 (±0.5) to 2.0 (±0.1) percent and bulk sound velocity increase (Dv f ) of 7.6 (±4) percent at 40 GPa and 7.6 (±1.2) percent at 80 GPa. Even in the absence of a visible seismic discontinuity, we expect the spin transition of iron to imply a correction to current compositional models of the lower mantle, with up to 10 mol percent increase of magnesiowüstite being required to match the seismological data. 
Introduction
[2] The behavior of ferrous iron (Fe 2+ ) in the oxide minerals of the Earth's deep interior has long attracted attention because of the importance of this transition element in influencing chemical partitioning and reactions among mantle minerals and with core material, as well as thermal, electrical, and mechanical properties at depth [e.g., Fyfe, 1960; Burns, 1970; Gaffney and Anderson, 1973; Sherman, 1988; Cohen et al., 1997; Lin et al., 2005; Goncharov et al., 2006; Lin et al., 2006; Keppler et al., 2007] . Mg-rich magnesiowüstite with a composition between (Mg 0.9 Fe 0.1 )O and (Mg 0.6 Fe 0.4 )O is expected to be the second most abundant mineral of the Earth's lower mantle, after (Mg, Fe)SiO 3 perovskite. However, because of its simpler composition and crystal structure and its higher Fe content one expects that the properties of magnesiowüs-tite can be especially sensitive to the electronic properties of iron. Electronic transitions at the conditions of the Earth's deep interior also have the potential to strongly affect the static structure and dynamics, and hence the evolution of our planet.
[3] In recent years, the pressure-induced transition of Fe from high-spin (HS; or spin unpaired) to low-spin (LS; or spin paired) has been experimentally observed in the MgOFeO solid solution series by means of several experimental techniques [Pasternak et al., 1997; Badro et al., 1999 Badro et al., , 2003 Lin et al., 2005; Speziale et al., 2005; Lin et al., 2006a; Kantor et al., 2006a] . The emerging picture from recent experimental and theoretical results is that the pressure at which the HS to LS transition begins increases with increasing FeO content, from between 40 and 60 GPa for 10 mol% FeO to above 80-90 GPa for Fe-rich compositions and FeO (Figure 1 ) [Pasternak et al., 1997; Struzhkin et al., 2001; Badro et al., 1999 Badro et al., , 2003 Lin et al., 2005 Lin et al., , 2006a Speziale et al., 2005; Kantor et al., 2006a Kantor et al., , 2007 Tsuchiya et al., 2006; Persson et al., 2006] .
[4] Both Lin et al. [2005] and Speziale et al. [2005] have independently analyzed x-ray diffraction spectra in combination with separate determinations of the spin state of Fe in (Mg, Fe)O, by x-ray emission spectroscopy or Mössbauer spectroscopy, respectively. Here we consider the results for (Mg 0.80 Fe 0.20 )O [Speziale et al., 2005] , combining them with those for (Mg 0.83 Fe 0.17 )O by Lin et al. [2005] to obtain constraints on the equation of state of the low-spin phase.
Experiment
[5] Our data are the results of room temperature synchrotron X-ray diffraction measurements on polycrystalline (Mg 0.80 Fe 0.20 )O [Speziale et al., 2005] and (Mg 0.83 Fe 0.17 )O compressed in gasketed diamond-anvil cells. The measurements on (Mg 0.8 Fe 0.2 )O were performed at beamline 12.2.2 of the Advanced Light Source, Lawrence Berkeley National Laboratory [Kunz et al., 2005] , with additional measurements performed at beamline 13ID-D of the GSECARS (GeoSoilEnviro CARS) and at 16ID-B of the HPCAT (High-Pressure Collaborative Access Team) of the Advanced Photon Source, Argonne National Laboratory; these samples were loaded in a methanol-ethanol-water mixture (16:3:1 volume ratio) or argon as pressure-transmitting media and annealed up to 450 K for about 30 min after each pressure increase. All the measurements on (Mg 0.83 Fe 0.17 )O were performed at the HPCAT of the Advanced Photon Source, Argonne National Laboratory; this sample was loaded in a neon pressure medium with platinum as the pressure calibrant, and was not annealed at high pressures. Both (Mg 0.80 ) <0.01 Speziale et al., 2005] . Further experimental details have been given by Speziale et al. [2005] and Lin et al. [2005] . [1997]; Badro et al. [1999 Badro et al. [ , 2003 ; Lin et al. [2005 Lin et al. [ , 2006a Lin et al. [ , 2007b ; Speziale et al. [2005] ; Kantor et al. [2006a Kantor et al. [ , 2007 and, for Mg 0.90 Fe 0.10 O, from unpublished work of Pasternak). Lines indicate onset and completion of the high-spin to lowspin transition. composition undergoes a spin transition at pressures above 80 GPa [Speziale et al., 2005] [Speziale et al., 2005] . The reversal in the pressure dependence of Dd 200 occurs at the same pressure, 40 GPa, at which Mössbauer spectroscopy indicates the onset of the HS to LS transition [Speziale et al., 2005] . [7] Above 20 GPa, we observe a structural transition from cubic (B1 structure type, space group Fm3m) to rhombohedral (space group R3m) (Figure 2 ), in good agreement with previous observations on Fe-rich magnesiowüstite [Mao et al., 2002; Lin et al., 2003; Kondo et al., 2004] . As observed in previous experimental studies [Mao et al., 2002; Kondo et al., 2004] there is no resolvable discontinuity of molar volume across this structural transition, so we use the pressure dependence of the (012) [Kantor et al., 2006b ]. However, we did not observe this effect, perhaps because of better hydrostatic conditions in our experiments (e.g., due to annealing).
Results and Discussion
[9] A combined analysis of x-ray diffraction and Möss-bauer data identifies the onset of the spin transition at 40 GPa at room temperature [Speziale et al., 2005] . [2005] ). Our measurements are also in good agreement with those of Lin et al. [2005] for (Mg 0.83 Fe 0.17 )O, even though their isotherm parameters differ significantly from ours because they fitted the data up to 56 GPa for the high-spin state and above $75 GPa for the low-spin state. Despite the consistency of our bulk modulus value with values obtained from other static-compression measurements on Mg-rich magnesiowüstites, the zero-pressure unit-cell volumes are not so reproducible between studies (cf. the unit-cell volumes of (Mg 0.73 Fe 0.27 )O given by Jacobsen et al. [2002 Jacobsen et al. [ , 2005 ). Elasticity measurements for Mg-rich magnesiowüstites suggest that, for compositions below 40 mol percent FeO, there is no resolvable variation in bulk modulus with composition at zero pressure: a variation of isothermal bulk modulus between 160 (±2) GPa for MgO and 154 (±3) GPa for (Mg 0.64 Fe 0.36 )O is given by x-ray diffraction measurements [Fei, 1999; Dewaele et al., 2000; van Westrenen et al., 2005 ], yet ultrasonic data show a variation of the isentropic bulk modulus between 160-162.5 (±3.0 -0.5) GPa for pure GPa for compositions between (Mg 0.63 Fe 0.27 )O and (Mg 0.6 Fe 0.4 )O [Jackson et al., 1978; Jackson and Niesler, 1982; Bonczar and Graham, 1982; Jacobsen et al., 2002] .
[10] Our x-ray diffraction measurements on (Mg 0.8 Fe 0.2 )O are consistent with the data of Lin et al. [2005] for (Mg 0.83 Fe 0.17 )O up to the maximum common pressure of 62 GPa (Figure 3) . Given this agreement, we combined the two data sets (Table 1 ) and fixed the starting volume to the value of 76.10 (±0.07) Å 3 reported by Lin et al. [2005] : identical within uncertainties with our measured starting volume, but more consistent with the systematics of V 0 versus composition of magnesiowüstites [Jackson et al., 1978; Jackson and Niesler, 1982; Bonczar and Graham, 1982; Jacobsen et al., 2002] . Our analysis does not include the results of Jacobsen et al. [11] The Birch-Murnaghan EoS fit to the combined data set up to 40 GPa (high-spin phase) yields K T0 = 157.5 (±0.5) GPa and K 0 T0 = 3.92 (±0.1) (Figure 3) , consistent with the most recent results for Mg-rich magnesiowüstites as discussed above. This value of K 0 T0 is lower than that obtained by fitting only the data for (Mg 0.80 Fe 0.20 )O, and it is difficult to compare with other existing results for Mg-rich magnesiowüstites due to the substantial inconsistency between different techniques and even between different studies performed using the same techniques [e.g., Jackson et al., 1978; Bonczar and Graham, 1982; Richet et al., 1989; Fei et al., 1992; Jacobsen et al., 2002 Jacobsen et al., , 2005 van Westrenen et al., 2005] . [12] In order to determine the effect of the electronic spinpairing transition on the density and elasticity of Mg-rich magnesowüstite, we need to know the equation of state for the low-spin phase. Studies to date on a range of similar (Mg-rich) magnesiowüstite compositions show that the transition is complete by pressures of 70 to 80 GPa ( Figure 1 ) [Badro et al., 2003; Lin et al., 2005; Speziale et al., 2005; Lin et al., 2006a Lin et al., , 2007b Kantor et al., 2006a Kantor et al., , 2007 . For this reason, we focus our analysis of the low-spin (Mg 1-x Fe x )O (x = 0.17 -0.2) on the data of Lin et al.'s [2005] (Table 1 ) because these are the only x-ray diffraction measurements accessing the appropriate pressure range. Following the approach outlined by Jeanloz [1981] , we calculate the Eulerian strain referred to the zero-pressure volume of the high-spin phase (V 0
, for both the high-spin and low-spin phases of (Mg 1-x Fe x )O (x = 0.17 -0.2), and examine G = F Á g versus g where F is the normalized pressure (see inset in Figure 3 ). This analysis reveals an anomalous change in slope at 40 GPa, and a region with reduced slope between 40 and 80 GPa followed by a region with higher slope above 80 GPa that we attribute to the low-spin phase (Figure 4 ). The changes in compression-behavior at 40 GPa and 80 GPa are clearly evident in the upper-left inset of Figure 4 , where the residuals with respect to the model isotherm for the high-spin phase are plotted versus pressure.
[13] The compression of the low-spin phase of (Mg 1-x Fe x )O (x = 0.17-0.2) is similar to that of pure MgO (Figure 3) : the unit-cell volumes agree to within 1 percent over the 80-135 GPa pressure range, in good accord with the findings of Fei et al. [2005] . In detail, however, the bulk modulus of low-spin (Mg 1-x Fe x )O (x = 0.17 -0.2) appears to be $13.9 (±0.1) percent higher than that of MgO as a function of pressure (lower-right inset in Figure 4 [14] We have computed Eulerian strain f and normalized stress F for the low-spin phase of (Mg 1-x Fe x )O (x = 0.17-0.2) for thirteen values of zero pressure unit-cell volumes, between 66.97 and 76.10 Å 3 covering the 1s uncertainty in the volume obtained from the G versus g analysis. For each case, we have performed a Birch-Murnaghan fit of the F versus f data. The trade-off between zero-pressure equation-of-state properties for the low-spin state is evident ( Table 2 ). The goodness of fit, expressed by the c 2 parameter, is insensitive to the assumed value for the zero-pressure volume of the low-spin state ranging between LS is 1.3-1.5 GPa, which is less than half the average uncertainty in the experimental pressures, and there is a large trade-off with model norm expressed as c 2 (Table 2) . However, we can reduce the range of reasonable 
Modeling the Effects of a Sharp Transition
[15] To put the trade-off associated with uncertainties in the zero-pressure properties of the low-spin equation of state into perspective, we consider the differences in volume, bulk modulus and bulk sound velocity (v f = (K S /r) 1/2 where r is density) across the spin transition as a function of pressure across the lower mantle for all the models between Figure 5 ). In our analysis, we use results obtained at ambient temperature, and assume that the difference in bulk sound velocity between the two phases is unaffected by the conversion from isothermal to adiabatic modulus. In addition, we only consider the change in properties between high-and low-spin ''end-member'' phases, without considering that the coexistence of the high-spin and low-spin state of Fe 2+ may result in partitioning of HS and LS intermediate compositions in the MgO -FeO system [Dubrovinsky et al., 2000] , which still have to be thoroughly explored both experimentally and theoretically [Lin et al., 2003; Kondo et al., 2004; Tsuchiya et al., 2006] .
[16] Over the range of models of the low-spin phase (expressed by the zero-pressure volumes considered here, and Dv f /v f HS vary from À3.3 to À2.0 percent, 12 to 17 percent and 3.8 to 7.0 percent, respectively, at pressures of 40 -80 GPa ( Figure 5 ). If we assume that high temperature has little effect upon the sharpness of the transition, these results provide bounds for the overall volume (or density) and velocity change resulting from the spin transition of Fe 2+ in magnesiowüstite at lower-mantle conditions, based on the available experimental results [Speziale et al., 2005; Lin et al., 2005; Kantor et al., 2005; Fei et al., 2005; Lin et al., 2006b; Lin et al., 2007a Lin et al., , 2007b . However, these effects would be reduced, if the spin transition would turn into a spin crossover with an extended transition pressure under lower-mantle conditions as indicated theoretically [Sturhahn et al., 2005; Tsuchiya et al., 2006] .
[17] As the abundance of magnesiowüstite is expected to be only of the order of 30 percent in the lower mantle based on a pyrolite model, we have to scale the effects of the spin transition in a consistent manner in order to assess seismologically observable effects. To derive conservative estimates of the influence of the Fe-spin transition on the properties of the lower mantle, we neglect the possibility of a high-to low-spin transition in Mg-Fe silicate perovskite (which, due to its more complex structure may be less sensitive to variations in Fe 2+ ionic size) and predicted temperature effects on the spin transition in magnesiowüs-tite [Sturhahn et al., 2005; Tsuchiya et al., 2006] . We thus estimate that the overall effect of the transition is 0.6 (±0.1) -1.1 (±0.2) percent density increase, and 2.4 (±0.5)-2.3 (±1.0) percent bulk sound velocity increase as the transition pressure is varied between 40 and 80 GPa. These changes are comparable to the major discontinuities of the upper mantle and transition zone (Dv f $ 2-3.2 and $3.4-5.5 percent at the 410 and 660 km for Dziewonski and Anderson's [1981] PREM and for Kennett et al.'s [1995] ak135, respectively), and would cause visible seismic anomalies if the spin transition takes place over a narrow depth range.
Modeling the Effects of a Continuous Transition Across a Large Pressure Range
[18] Various thermodynamic arguments suggest that the effect of temperature is (a) to increase the spin-transition pressure by 0.015-0.018 GPa/K [Sherman, 1988; Badro et al., 2005; Lin et al., 2005] up to 0.04 GPa/K [Hofmeister, 2006] for magnesiowüstites with compositions relevant for the lower mantle; and (b) to broaden the pressure range of the transition to several tens of GPa along the mantle geotherm [Sturhahn et al., 2005; Tsuchiya et al., 2006] . However, experiments do not show clear evidence for these temperature effects [Badro et al., 2003; Lin et al., 2005; Speziale et al., 2005; Fei et al., 2005; Kantor et al., 2006a; Kantor et al., 2007] , or they even suggest a negative temperature dependence of the spin crossover pressure [Kantor et al., 2005] . In order to assess the effects of the spin transition broadening, we have analyzed two scenarios for the HS to LS transition. In the first, the transition is considered independent of temperature and it takes place between 40 and 80 GPa (the pressure range observed in our Mössbauer and x-ray diffraction experiments). In the other scenario, the transition is modeled between 30 and 120 GPa, corresponding to the transition range predicted by Sturhahn et al. [2005] based on a mean-field (Bragg-Williams) model for order-disorder transformations in alloys [Williams, 1935] , and by Tsuchiya et al. [2006] based on LDA + U with internally consistent static-lattice energy calculations supplemented by thermodynamic arguments to describe the temperature-induced increase of the low-spin Fe 2+ population in diluted (Mg 1-x Fe x )O solid-solutions (Figure 6 ).
Transition Between 40 and 80 GPa
[19] In order to calculate the effect of a progressive transformation, we assume that the properties of Mg-rich magnesiowüstite across the transition are averages of those of the low-pressure and of the high-pressure phases weighted by their relative molar fractions as determined by highpressure Mössbauer spectroscopy, and assuming that the pressure range at which the transition takes place is not temperature dependent [Speziale et al., 2005] . This last assumption is justified by the agreement between the transition pressure ranges determined at T = 10 K on [Kantor et al., 2006a; Kantor et al., 2007] ). However, it is true that the thermal energy at 10 K -300 K is much less significant than at high T above 2000 K, and these experiments are not inconsistent with the hypothesis of a substantial temperature dependence of the transition pressure. More high temperature experimental studies are needed to clarify this point.
[20] We calculate the pressure dependence of the fraction of low-spin phase by using the empirical equation 2), and X P = (P À P i )/(P f À P i ), where P i and P f are the pressures at which the transition begins and is completed based on experimental results. The parameters A, B and D are determined by least squares fit to the low-spin Fe 2+ abundance obtained by Mössbauer spectroscopy [Speziale et al., 2005] . The best fit coefficients are A = 15 (±5), B = 1.5 (±0.9), C = À11.2 (±0.6), D = À2.7 (±0.3). The calculated pressure dependence of the low-spin fraction is plotted in Figure 6 in comparison with the experimental results of Speziale et al. [2005] .
[21] We have calculated the relative change in unit-cell volume and bulk sound velocity during the progressive spin transition, 100 Á xDV/V HS and 100 Á xDv f /v f HS respectively, analyzed across the range of starting unit-cell volume ratio 0.91 < V 0 LS /V 0 HS < 0.97 (here x is the molar fraction of the low-spin phase of Mg-rich magnesiowüstite, and DV/V HS and Dv f /v f HS are calculated for the sharp transition as explained above). The average percent differences in unitcell volume and bulk sound velocity, that is, the integral over the whole transition range (40 -80 GPa) of the relative changes, is plotted in Figure 7 . In the case of a transition (Figure 7b ). For a model lowermantle assemblage containing 30 mol percent Mg-rich magnesiowüstite, the average change in bulk sound velocity is 0.9-1.5 (±0.5) percent in case of the transition between 40 and 80 GPa. These predicted changes should be observable by seismology.
Transition Between 30 and 120 GPa
[22] In order to model the transition across a broader pressure range extended throughout the whole lower mantle, similar to the predictions by Tsuchiya et al. [2006] and Sturhahn et al. [2005] we have applied Equation (1) rescaled to the range 30-120 GPa (by changing the parameters P i and P f in Equation 1) by using the same best fit coefficients reported in the previous section (Figure 6a) . The model pressure dependence of the low-spin fraction is very different from that calculated based on the results by Tsuchiya et al. [2006] along an adiabatic lower mantle thermal profile [Brown and Shankland, 1981] (Figure 6a) . However, the discrepancy between our empirical model of the pressure dependence of the fraction of low-spin phase and the results of the computational study by Tsuchiya et al. [2006] is strongly reduced if we shift the transition pressure, determined by static-lattice total-energy calculations, from the value of 32 (±2) GPa to match the average central pressure of 65 (±7) GPa of the ranges determined by the experiments (Figure 6b ). In particular, the model calculated along a geothermal P À T path is very similar to our empirical model for a broad transition between 30 and 120 GPa (Figure 6b ).
[23] We have calculated, as in the previous scenario (transition between 40 and 80 GPa), the average relative changes in unit-cell volume and bulk sound velocity when we consider a broad transition between 30 and 120 GPa. Both the average changes in volume hDV/V HS i and bulk sound velocity hDv f /v f HS i are only slightly dependent on the starting volume ratio V 0 LS /V 0 HS , averaging 0.8 (±0.2) percent and 3.9 (±1.5) percent, respectively (Figure 7 ). For a model lower-mantle assemblage containing 30 mol percent Mg-rich magnesiowüstite, the average change in bulk sound velocity is 1.3 (±0.5) percent for a transition between 30 and 120 GPa. These changes are probably smaller than can be currently resolved by deep-mantle global seismology.
Fe Spin Transition in Magnesiowü stite: Implications for Lower-Mantle Mineralogical Models
[24] Even though a progressive transition would likely not produce a detectable seismic discontinuity, the corresponding changes in elastic properties of Mg-rich magnesiowüstite would affect the bulk-sound velocity of a typical lower-mantle mineral assemblage. The differences in Figure 8 . Relative density and bulk modulus variation between a pyrolitic mineralogical model and the PREM seismological model (see text for details). The three sets of curves represent: model with no spin transition in magnesiowüstite, a model with progressive spin transition across the pressure range 40-80 GPa and a model with spin transition across the range between 30 and 120 GPa. The large error bars under the legend correspond to 1s when considering only the uncertainties in the thermal parameters q 0 , g 0 and q for the three mineral phases in the models. The error bars along the curves reflect the uncertainties in the 300 K isotherms of the mineral phases of the models, so show how well resolved the systematic effects of the spin transition may be (assuming no compensating effects due to changes in thermal properties across the spin transition). bulk elastic properties between a pyrolite-like mineralogical model with and without the effects of the spin transition could be misinterpreted as being due to changes in bulk composition or temperature at depth. In order to explore these effects, we considered a mineral assemblage consisting of a ternary mixture of 64 mol percent (Mg 0.88 Fe 0.06 Al 0.12-Si 0.94 )O 3 perovskite, 31 mol percent (Mg 1-x Fe x )O (x = 0.17 -0.2) and 5 mol percent CaSiO 3 , which is close to an undepleted natural peridotite [Lee et al., 2004] . We compared the density and bulk sound velocity of this assemblage, assuming either 1) a progressive spin transition across two different pressure ranges (40 -80 GPa and 30-120 GPa) or 2) no transition, and evaluated results along selected isotherms as well as along a pressure-temperature path corresponding to estimated lower-mantle geotherms (Figures 8 and 9 ) [Dziewonski and Anderson, 1981; Brown and Shankland, 1981] .
[25] Our calculations follow the basic principles of several studies of the mineralogical composition of the lower mantle, both based on experimental thermoelastic parameters of the mineral components [e.g., Weidner, 1994; Jackson, 1998; Mattern et al., 2005] or based on ab initio computations [e.g., Marton and Cohen, 2002; Wentzcovitch et al., 2004] and tested in comparison with average physical properties (seismic velocity and density) of a reference seismological Earth model such as PREM [Dziewonski and Anderson, 1981] . The new aspect included in our model is the effect of the Fe 2+ spin transition in magnesiowüstite based on experimental results, unavailable until now.
[26] We performed the calculations assuming V 0 LS /V 0 HS = 0.94, corresponding to our preferred model for Mg-rich magnesiowüstite. The density and bulk modulus for the different phases were calculated using the Birch-Murnaghan formalism and the Debye model for the thermal pressure [e.g., Jackson and Rigden, 1996] . The Debye temperature (q 0 ), Grüneisen parameter (g 0 ) and its logarithmic volume derivative (q) for the three minerals were obtained as averages of the two sets used by Lee et al. [2004] (see discussion in Lee et al. [2004] ). The bulk modulus and pressure derivative of (Mg, Fe)(Al, Si)O 3 perovskite were averages of those presented by Lee et al. [2004] and those from Jackson et al. [2004] and Vanpeteghem et al. [2006] , respectively (Table 3) . The unit-cell volume and the bulk modulus and pressure derivative for CaSiO 3 perovskite were averages of those used by Lee et al. [2004] and those by Shim et al. [2000] , and the bulk modulus and pressure derivative for magnesiowüstite were those determined in the present study. In our calculations, we neglected the effect of any spin transition on the elastic properties of Mg-silicate perovskite due to the absence of relevant experimental data (this also means that our results are conservative, in that spin effects in the perovskite are likely to enhance the effects we calculate here). The pressure dependence of the molar fraction of low-spin Mg-rich magnesiowüstite is the same used in the above calculations. Finally, we limited our calculations to the lower mantle above the D 00 region, and did not consider the effects of the transition from Mg-perovskite to post-perovskite phases [Murakami et al., 2004; Shim et al., 2004; Oganov and Ono, 2004] . All the parameters used for our calculations are summarized in Table 3 .
[27] Assuming that high temperature does not modify the relative change in volume and bulk modulus across the spin transition, we observe that along the pressure-temperature path corresponding to the geotherm calculated by Brown and Shankland [1981] the occurrence of the spin transition in magnesiowüstite causes a difference of bulk modulus DK S /K S-PREM = (K S-Model À K S-PREM )/K S-PREM between a pyrolite-type mineral assemblage and the PREM reference model of up to 2.8 percent at the maximum pressure of 120 GPa, approximately 2 times larger than is the case in the absence of the spin transition (Figure 8 ). The effect of the spin transition on density is less significant: Dr/r -PREM = À0.66, 15 percent smaller than in the case of no spin transition. The difference between models that do and do not include the spin transition are significant relative to the uncertainties in the elastic moduli and volumes. Uncertainties in the thermal parameters (g 0 , q 0 , q) apply to all the models, so should not affect our conclusions about the significance of the spin transition (Figure 8) .
[28] Based on the available data, we can only provide tentative estimates of the effects of temperature, mineralogical composition and degree of completion of the spin transition on the density and bulk modulus of model lower-mantle assemblages. The effect of temperature is to decrease the bulk modulus of the assemblage, approaching The uncertainties reported in this table are estimated ranges of variation between the available literature data. b Lee et al. [2004] -average of high-and low-thermal expansion set of parameters (see Lee et al. [2004] for details). c Average of Lee et al. [2004] and Jackson et al. [2004] . d Average of Lee et al. [2004] and Vanpeteghem et al. [2006] . e This study. f Average of Shim et al. [2000] and Lee et al. [2004] .
the PREM model, but also to decrease the overall density, below that of the reference Earth model (Figure 9 ). Increasing the amount of Mg-rich magnesiowüstite has the advantage of increasing the overall density at the highest pressures, but also of decreasing the bulk modulus ( Figure 10 ). Finally, as suggested by Sturhahn et al. [2005] and Tsuchiya et al.
[2006], a substantial temperature dependence of the spintransition pressure and broadening of the spin transition (even beyond the pressure range of the lower mantle) would mitigate the very large rise of the bulk modulus of magnesiowüstite of a model mantle assemblage with respect to the reference PREM model (Figure 8 ). Thus with the simplifying assumption that the thermal parameters of the equation of state of Mg-rich magnesiowüstite are not affected by the spin-transition, we expect that the lowermost part of the lower mantle is either characterized by a very high thermal gradient (more than 80 percent larger than that predicted by Brown and Shankland [1981] ) or by depletion of the SiO 2 content (to less than 55 mol percent Mg-perovskite with respect to a pyrolitic compositional model) (Figures 9 -10 ). Despite the absence of quantitative information on the effect of the spin transition of Fe on the elastic properties of (Mg, Fe, Al)SiO 3 perovskite, we infer that the effect of a progressive spin transition across a broad pressure range is likely to require a revision of the thermal, compositional and mineralogical models of the lowermost mantle, toward hotter and more Si-depleted values than the upper part of the mantle.
Conclusions
[29] Based on our results, the Fe spin transition in magnesiowüstite appears to have an impact on the properties of the lower mantle that is comparable to that of the polymorphic transition of (Mg, Fe, Al)SiO 3 from perovskite to post-perovskite phase. Experiments documenting a close approach to quasi-equilibrium conditions, and a better understanding of the thermodynamics of the high-spin to low-spin transition in the FeO -MgO system are needed to better clarify the details of this electronic transition of Fe at lower mantle conditions. Figure 10 . Relative density and bulk modulus variation with respect to PREM of a pyrolite-like mineralogical model with progressive spin transition in magnesiowüstite between 30 and 120 GPa. The effect of increasing the amount of magnesiowüstite from 31 to 40 mol percent, both along a geotherm and along a 2800 K isotherm, is shown, along with a model with 31 mol percent magnesiowüstite (standard pyrolite of Lee et al. [2004] ) along a geotherm P-T path.
